At the interface between A15-phase layer and Nb solid-solution (Nb S.S ) region in a bulky Nb/Al composite, a layer of two-phase structure of Nb 3 Al plus Nb S.S is formed when the composite is heated at 2073 K, whereas it is not formed when heated at 2023 K or less. The morphology and width of the two-phase structure layers are significantly influenced by the cooling rate from 2073 K and by the heating time at that temperature. These facts, as well as the theoretical consideration, suggests that the two-phase structure is formed during the cooling process from 2073 K. When cooled more slowly from 2073 K than a certain cooling rate, there observed anomalous growth of A15-phase, which is strongly correlated with formation of the two-phase structure. Most favorite performance of the bulky Nb/Al composite as the super-conducting material is obtained by cooling it at the slowest cooling rate after 1 h heating at 2073 K as far as the present study is concerned.
Introduction
The previous studies [1] [2] [3] have found out that the A15-phase (Nb 3 Al) layers formed in a bulky Nb/Al composite grows keeping their interfaces ''planar'' when it is heated at 2023 K or less, while the interface adjacent to Nb/Al solid-solution phase, Nb S.S , become ''nonplanar'' when heated at 2073 K, although the interfaces adjacent to (Nb 2 Al)-phase remain planar. This nonplanar interface can be regarded as constructing a layer of two-phase (Nb S.S + A15) structure. So, we will call it the ''two-phase structure layer'' in the present study. The two-phase structure appearing on the specimen cross section is constituted of small ''leaves'' of A15-phase extending from the A15-single phase layer and those of Nb S.S phase which fill up the gap between the A15-phase leaves. These leaves are equally oriented in an agglomerate or cell against the boundary surface of A15-phase layer, while they orient differently from an agglomerate to agglomerate. The issue which we intend to discuss in the present study is not, however, these detail of the two-phase structure, but the issue of growth of the two-phase structure. The growth of the layers is measured as the width of layer, L, which is an average thickness of layers measured in their normal direction.
The experimental facts which have been cleared with the two-phase structure layers are as follows; Their width, L, and their morphology are fairly influenced by the heating time at 2073 K and by the cooling rate from that temperature. Namely, L increases as the heating time increases at either cooling rate of the rapid cooling (R.C.) or that of furnace cooling (F.C.).
3) Besides, the value of L is more magnified by F.C. than by R.C. when compared at the same heating time at 2073 K.
3) These facts provide us such questions as 1) when the two-phase structure is formed, during either the isothermal heating at 2073 K or the cooling process from 2073 K, 2) why the two-phase structure is not formed in the specimens heated at 2023 K or less and 3) what the three dimensional geometry of the two-phase region is. The first aim of the present study is to answer these questions.
Another interesting finding concerned with the previous studies 3) is the problem of anomalous growth of A15-phase layers; The width of A15-layers, d, grows up as long as about 100 mm when heated for 3 h at 2073 K followed by F.C., while it grows only about 10 mm when heated for the same time at the same temperature but followed by R.C.
3) This is very interesting from the practical point of view for forming the supper-conducting phase in a Nb/Al composite. The second aim of the present study is to clear the mechanism for this anomalous growth of A15-phase layers. Additionally, it seems of benefit for us to investigate the super conductivity of the materials thus formed by measuring the value of superconducting transition temperature, T c . This is the third aim of the present study.
Experimental Procedure
Specimens were prepared in the similar way to that in the previous study.
3) Specimens were heated for 1 h at 2073 K and then cooled at various rates, R, ranging from ''Rapid Cooling (R.C.: 160 K/s)'' to the slowest one (0.27 K/s). The value of R was controlled by varying the speed of pulling up specimen from the furnace at 2073 K to a lower temperature zone at about 1073 K in case R is faster than that for the ''Furnace Cooling (F.C.: 1.47 K/s)'' and slower than that for R.C. In case R is slower than that for F.C., the cooling rate was varied by controlling the electric power to the furnace where the specimen is hold. The value of R for R.C., being 160 K/s, was regarded as the average cooling rate, a.c.r., in the temperature range from 2073 to 473 K. The value of R for F.C., being 1.47 K/s, was taken for the a.c.r. in the temperature interval from 2073 to 1873 K although the a.c.r. from 1873 to 1273 K was about 0.42 K/s. The value of R slower than that for F.C. was taken for the a.c.r. in the temperature interval from 2073 to 1273 K.
Measurements of width of A15-phase, d, or of two-phase structure layers, L, and SEM-image analyses were carried out in the similar way to those in the previous study.
3)
T c measurements were made by means of the conventional DC type four-probe resistivity technique.
4) The interval of the voltage terminals for a specimen was about 3 mm, and the voltage error due to thermal e.m.f was corrected by changing the current direction every 20 s. T c measurements for a specimen were repeated on the up and down scale-goings. Figure 1 shows typical SEM images on the a) lateral cross section (meeting at right angles with the specimen axis) and b) longitudinal one (in parallel with the specimen axis) of a specimen heated for 1 h at 2073 K, followed by F.C. The left hand side of both the figures designates the Nb portion of the Nb/Al composite specimen.
Results and Discussion

Characteristic of two-phase structure layers
3) These figures tell us that the geometry of phase-leaves in the two-phase (structure) layer is in nature of a column-like type rather than of a lamellar type one. Figure 2 shows the relationship between the average width of two-phase layers, L, and the reciprocal of cooling rate, 1=R, for specimens heated for 1 h at 2073 K and then cooled at various cooling rates. The value of 1=R can be regarded as a measure of time for cooling to a certain temperature. Figure   2 denotes that L roughly tends to increase with decreasing R down to the level which corresponds to that for F.C., being 1.47 K/s. If the cooling rate is further decreased below 1.47 K/s, L adversely decreases as a decrease in cooling rate. that the aspect ratio of a leaf, i.e., the rate of length, a, to width, b, is significantly different with the cooling rates. The variation in the average aspect ratio of the two-phase structure as a function of 1=R is summarized in Fig. 4 . It can be seen that the smaller the cooling rate is, the smaller the aspect ratio of the two-phase structure is.
Mechanism for formation of two-phase layers
The facts demonstrated in Figs. 2 and 4 tell us that the width and morphology of the two-phase structure region are deeply related to the cooling process, and suggest that the two-phase structure probably generates during the cooling process initiated from 2073 K. This would be supported from other investigators' studies about the morphological instability in a two-phase interface in alloys or diffusion couples: 5, 6) Such the morphological instability in a system is in general observed when one of phases in the system evolves against the others, and it is observed in the ternary or more multi-component systems but hardly realized in a binary system so long as the system is isothermally heated. 5) For instance, it is said that, in a ternary system of Fe-X (the third element)-C heated isothermally, the morphological instability of the interface between evolving -and shrinking -phases advances through formation of a sub-micron sized ''concentration spike'' of C in the -phase front ahead of the interface, where concentration of C is supersaturated in thephase, and that such the formation of concentration spike of C is guaranteed by formation of concentration spike of X at the interface due to its fairly delayed diffusivity compared with that of C. 6) However, no formation of concentration spike of one element would be expected in a binary system so long as it is isothermally heated. So, the cooling might be required to yield such the supersaturation of one element in the evolving phase front in a binary system.
Even if the supersaturation of Al in the Nb S.S phase adjacent to the A15-layer front due to cooling were a predominant factor for forming the two-phase layers, how could we explain the following questions on the basis of this idea? They are such as 1) why the two-phase structure does not appear in specimens heated at temperatures below 2023 K, 2) why the width of L increases during the isothermal heating at 2073 K, 3) why the degree of super saturation of Al necessary for formation of the two-phase region is ensured even in the case of very slower cooling rate, and 4) why the morphological instability does not appear in the A15-phase front of the interface between A15-and -phases.
Qualitative explanation for these questions would be as follows: The A15-phase layer is expected by nature to grow planar under the isothermal heating condition at 2073 K.
3) On cooling from 2073 K, there would arise a condition for nonplanar growth of A15-phase, i.e., formation of the two-phase structure layer. This formation of two-phase structure layer would be guaranteed by a condition that free energy of all the system should fall on the analogy of the two-phase decomposition in the equilibrium phase diagram of binary system. When the two-phase structure layer grows to some extent, the overgrowth of the layer would become disadvantageous from the view point of energetic, because the total of interfacial energy at the different phase boundaries in the layer is too much raised. This situation would be reflected in Fig. 2 in such a fashion that L decreases in the range of 1=R over a certain value. This reduction in L would be realized by unification of a leaf and leaf of A15-phase in the layer at the expense of the intermediate Nb S.S leaf. To this, diffusivity of Al and Nb to the lateral direction of leaves would play an important role. The decrease in the average aspect ratio of the two-phase structure as shown in Fig. 4 would be progressed on the same mechanism.
The larger value of interfacial energy between leaves of different phases in the layer would act more disadvantageously for formation of two-phase structure layer. So, decreasing the heating temperature would work so as to hinder the formation of two-phase structure layer, because the surface energy for a diffused interface is in general considered to increase with decreasing temperature.
7) The decrease in heating temperature might be accompanied by decreases in diffusivity and in the degree of super saturation of elements. These things would provide answer to the above question of 1st. Figure 5 shows the schematic illustration of profile of Al in the Nb S.S region adjacent to the A15-layer front in a specimen at a time when it is cooled down to a temperature T 0 from 2073 K. The concentration profile of (1) corresponds to the case for the slower cooling rate whereas that of (2) is for the faster case one. Assuming that there occurs the two-phase decomposition in a region of the distance coordinate of the figure where the concentration of Al exceeds a certain level C 0 Al , it comes that the two-phase structure layer becomes larger in the case of the profile (2) than in that of (1). Thinking of the variation of Al-concentration profile with changing the heating time at 2073 K, the concentration profile of (1) would correspond to the case for the shorter heating time while that of (2) would be for the longer one. Hence, it is also expected that L becomes larger with increasing the heating time at 2073 K. The questions of 2nd and 3rd would be answered at least qualitatively in these ways. However, it seems difficult to find reasonable explanation for the question of 4th. Even in this case, the supersaturation of Al in the A15-phase necessarily occurs by cooling from 2073 K, although its degree of supersaturation would be some weekend compared with that of Al ino Nb S.S . This is because the slope of tangent to the phase boundary line between Nb S.S and (Nb S.S + A15) is sharper than that between A15 and (A15 + ) when compared at 2073 K in the equilibrium phase diagram for Nb/Al system. 8) So, the reason why no morphological instability arises at the interface between A15-and -phases may be concerned with difficulties of phase transformation of A15 to and/or of diffusivity of Al in the A15-phase itself. Finally in this section let us have a word with the fact concerning the mechanism of formation of two-phase structure. Figure 6 shows the comparison of SEM images around the interface between A15-and Nb S.S phases for the specimens heated for 1 h at a) 1973 K, b) 2023 K, and c) 2073 K followed by R.C. In the Nb S.S region ahead of the A15-layer in the specimen heated at 2023 K (Fig. 6(b) ), submicron sized precipitates are photographed, although what a phase they belong to has not been confirmed as yet. On the other hand, no such precipitates are observed in the specimen heated at 1973 K (Fig. 6(a) ). Furthermore, there are observed the isolated precipitates in the two-phase layer front as shown in Fig. 6(c) , which are very similar in morphology to those in Fig. 6(b) . The isolated precipitates like these might be precursors for formation of the two-phase layers. Namely, the two-phase layers might be so formed as the precursory precipitates to be connected with each other. It should be noteworthy that no such isolated precipitates are observed in the two-phase layer front in the specimens cooled slowly as shown in Figs. 1 and 3. 3.3 Anomalous growth of A15-layers and super conductivity Figure 7 shows the relationship between the width of A15-layers, d, and the reciprocal of cooling rate, 1=R, for the same specimens as those treated in Fig. 1 . As can be seen from the figure, the value of d rapidly increases from a few micron meters up to several tens of micron meters if the cooling rate R exceeds a value corresponding to the rate of F.C., 1.47 K/s. So, this rapid increase in d might be called ''anomalous growth'' of A15-phase layers. This anomalous growth of A15-phase layers is coincident with the decrease in L in the same range of 1=R as shown in Fig. 2 . That is, the anomalous growth of d is accompanied with the decrease in L. Such the growth of A15-layers would be progressed through the unification of A15-phase leaves in the two-phase layers as mentioned previously. Anyway, it seems that the anomalous growth of A15-phase layers is strongly related to the formation of two-phase layers and hence to the cooling process from the temperature of 2073 K. This phenomenon of anomalous growth of A15-phase should be remarked from the practical view point of producing the super-conductive phase in a Nb/Al composite. one heated for 1 h at 2073 K followed by cooling at 0.27 K/s. In Fig. 8 , only the up scale-going data are indicated for the sake of ease of sight except for the case of 1873 K-3 h, R.C., where both the up and down scale-going data were indicated.
The resitivity values for each specimen are normalized by its value at the on-set for the super conducting transition. It is shown that the super-conducting transition temperature, T c , for the specimen heated at 1873 K is lower by about 1 K than those for the specimens heated at 1973 and 2073 K. This difference in T c would be caused by the difference in average concentration of Al in the A15-phase layers in these specimens, as reported in the previous studies. 2, 9) The fact that T c values for the specimens heated for 3 h at 1973 and at 2073 K are almost equal to with each other may be explicable in terms of the experimental result due to a group of the present authors 8) that T c for Nb/Al system is almost constant in the composition range of Al over 22 at%. The further increase in T c realized in the specimen heated for 1 h at 2073 K and then slowly cooled at 0.27 K/s would be resulted from the so-called ordering which is expected to occur during the cooling process.
2) This maximum value of T c being 18.2 K is equivalent to the level of T c which is generally measured for the bulk binary alloy system of Nb/Al. 9) Thus, it is concluded as far as the present study is concerned that we can obtain an enlarged and stabilized super-conducting phase of A15 structure in a Nb/Al composite by cooling it at the slowest rate of 0.27 K/s after heating for 1 h at 2073 K.
Summary
At the interface between A15-phase layer and Nb solidsolution (Nb S.S ) region in a bulky Nb/Al composite, a layer of two-phase structure (Nb 3 Al + Nb S.S ) is formed when the composite is heated at 2073 K, whereas it is not formed when heated at 2023 K or less. The morphology and width of the two-phase structure layers are significantly influenced by the cooling rate from 2073 K and by the heating time at the temperature. These facts, as well as the theoretical consideration, suggests that the two-phase structure is formed during the cooling process from the isothermal heating temperature of 2073 K. When cooled more slowly from 2073 K than the cooling rate for furnace cooling, there observed anomalous growth of A15-phase layers, which is strongly related with the appearance of two-phase structure. As far as the present study is concerned, most favorite performance of the bulky Nb/Al composite as the superconducting material is obtained when it is cooled at the slowest rate of 0.27 K/s after 1 h heating at 2073 K.
